A method for generating femtosecond-duration x-ray pulses with a free-electron laser is presented. This method uses an energy-chirped electron beam propagating through an undulator to produce a frequencychirped x-ray pulse by self-amplified spontaneous emission. A short temporal pulse is created by use of a monochromator to select a narrow radiation bandwidth. A second undulator is used to amplify the shortduration radiation. The radiation characteristics produced by a chirped-beam two-stage free-electron laser are calculated, and the performance of the chirped-beam two-stage option for the Linac Coherent Light Source is considered.
INTRODUCTION
A single-pass free-electron laser (FEL) has the ability to extend the energy range of lasers into the x-ray regime. 1 The Linac Coherent Light Source (LCLS) is a proposal 2 to construct a single-pass FEL that generates x rays through self-amplified spontaneous emission 3 (SASE). As described in this paper, a SASE-FEL, such as the LCLS, can be modified to produce short-duration (femtosecond) radiation. Atomic structural dynamics, e.g., chemical reactions, phase transitions, and surface processes, are driven by the motion of atoms on the time scale of the atomic vibrational period (տ100 fs). Since x rays are effective structural probes, development of a source of high-brightness femtosecond x rays would be an important tool for studying the structural dynamics of materials on the fundamental time scale for atomic motion.
The proposed scheme for short-duration radiation generation is based on frequency chirping the radiation pulse. An energy-chirped electron beam is injected into an undulator. The FEL operates in the high-gain linear regime of amplification and produces frequency-chirped radiation with the usual SASE properties. 4 After the undulator, the radiation is passed through a monochromator, which transmits a narrow bandwidth. Since the radiation frequency is correlated to the longitudinal position within the beam, a short temporal radiation pulse will be transmitted through the monochromator. We consider using a second undulator to amplify the short-pulse radiation. A chicane can be used to delay the electron beam, compensating for the path delay introduced in the radiation pulse by the monochromator and allowing the radiation to recombine with the electron beam at the entrance to the second undulator. The second undulator acts as a FEL amplifier and amplifies the short-pulse radiation to saturation. Figure 1 illustrates the basic schematic of a chirped-beam two-stage FEL.
The chirped-beam two-stage FEL offers two major advantages over the standard single-pass SASE-FEL. First, it provides control of the radiation-pulse duration and allows the possibility of producing femtosecond radiation pulses. The short-duration pulse will reach saturation in the second undulator and therefore has the same peak power as the standard single-pass SASE-FEL. Second, it provides stability of the shot-to-shot fluctuations in the central wavelength due to shot-to-shot fluctuations in the mean electron-beam energy. The fluctuations in the mean electron-beam energy are caused by jitter throughout the linear accelerator (linac), which accelerates the electron beam before the first undulator.
The seeding of the second undulator has many benefits compared with a single undulator followed by x-ray optics. By seeding the radiation in a second undulator (FEL amplifier), any power loss in the monochromator is recovered in the FEL amplifier.
The shot-to-shot radiation-intensity fluctuations after the monochromator are reduced, owing to operation of the FEL amplifier in the nonlinear regime. Since the peak power after the first undulator is much less than the saturation power, the damage to optical elements of the monochromator is reduced. The monochromator will absorb the spontaneous synchrotron radiation power from the first undulator; therefore the total spontaneous synchrotron radiation power at the exit of the second undulator will be less than the standard single undulator SASE-FEL designed to reach saturation. Growth of the uncorrelated energy spread in the electron beam due to longitudinal resistivewall and surface-roughness wake fields can degrade the performance of the FEL. 2 These undulator wake-field effects can be mitigated by staging, effectively reducing the undulator length.
The staged two-undulator scheme is similar to proposals to develop a monochromatic x-ray laser, 5, 6 where the desired radiation is selected and seeded into subsequent undulators for coherent amplification. Here we are primarily interested in short-duration x-ray pulse generation and not in monochromatization, although short-pulse generation by this method can result in improved temporal coherence.
The discussion throughout this paper is focused on the parameters for the LCLS. 2 The basic LCLS FEL parameters are listed in Table 1 .
RADIATION CHARACTERISTICS
The radiation wavelength of a FEL depends on the beam energy measured in rest mass units ␥ as
where u is the undulator period and K ave is the average normalized vector potential of the undulator field. Therefore chirping the electron beam (i.e., providing an energy spread that is correlated to the longitudinal position of the electrons within the beam) before the beam enters the first undulator allows control of the frequency distribution of the radiation pulse generated in the undulator. Chirping of the electron beam may be accomplished by acceleration of the electron bunch in a linac at an off-crest phase of the accelerating field. We will consider a linear energy chirp on the electron beam such that
where L b is the full width at half-maximum (FWHM) bunch length and l is the longitudinal deviation from the beam centroid. Due to the resonant condition Eq. (1), the energy chirp Eq. (2) will produce a correlated frequency
The temporal structure of a radiation pulse produced by a SASE-FEL 3 will consist of randomly distributed spikes (wave packets) of root-mean-square (rms) duration (coherence length) , determined by the rms FEL bandwidth ,
where is the FEL parameter, 3 /4 is the cooperation length, and N u is the number of undulator periods. The FEL process saturates at N u Ϸ 1/. There is full longitudinal coherence of the radiation within one spike but no phase correlation between spikes. The number of spikes in the distribution is approximately given by N s Ϸ L p /(2c ), where L p is the FWHM radiation-pulse length. For the LCLS, the cooperation length is 48 nm, and the rms spike duration at saturation is ϳ 0.16 fs.
The width of the spectral distribution of the SASE radiation will be determined by the frequency chirp, provided the frequency chirp is larger than the FEL bandwidth (i.e., ␦ ϭ 2␣ Ͼ ). The spectral distribution will also consist of N s random spikes (modes). 
As shown in Appendix A, the leading order correction to the one-dimensional (1D) gain length can be approximated as
Equation (4) indicates that, to lowest order in the linear regime, the gain length is independent of the sign of the electron-beam energy chirp.
Ϫ2 , for LCLS parameters with ␣ ϭ 5 ϫ 10 Ϫ3 .
A. Femtosecond Pulse Generation
A monochromator may be used to select the pulse duration due to the correlation between frequency and longitudinal position introduced in the radiation. The rms pulse length of the transmitted radiation will be approximately Schroeder et al.
where m is the rms frequency bandwidth of a Gaussianline monochromator. Transmission through the monochromator will produce some intrinsic spreading of the pulse, and the minimum pulse duration that may be selected by this method is limited by the properties of wave packets ( The fluctuations in the radiation power after the monochromator will approximately obey a negative-binomial probability distribution characteristic of multimode thermal radiation. 7, 8 If we choose the monochromator bandwidth to be larger than the spectral interval of coherence, i.e., N s Ͼ 1, the relative rms power fluctuations after the monochromator will be
Note that is a function of the undulator length as shown in Eq. (3), and the FWHM pulse length L p is determined by the chirp (␣/L b ) and the monochromator bandwidth. As Eq. (6) indicates, the short-pulse selection will result in large radiation power fluctuations after the monochromator.
B. Frequency Stabilization
We expect shot-to-shot fluctuations in the mean electronbeam energy due to jitter throughout the linac. This will lead to shot-to-shot fluctuations in the frequency of the radiation. Provided the correlated energy chirp is larger than the shot-to-shot mean energy fluctuations, the resulting frequency-chirped radiation pulse will span the expected deviation owing to the jitter. This will allow the monochromator to select the desired frequency and therefore stabilize the shot-to-shot jitter. For LCLS, the expected mean beam energy jitter from the linac is 0.1%. Stabilizing the frequency jitter by this method will introduce arrival-time jitter for the short-duration radiation pulse.
LINAC COHERENT LIGHT SOURCE CASE
In this section we investigate the requirements for each component of the chirped-beam two-stage FEL, and, as a numerical example, we consider the performance of the chirped-beam two-stage FEL using the LCLS design parameters. 
A. Self-Amplified Spontaneous-Emission Free-Electron Laser
The first undulator operates as a SASE-FEL, starting from noise in the beam and amplifying the spontaneous emission. The input electron-beam and output-radiation parameters for the first undulator are listed in Table 2 . The first undulator is required to be of sufficient length such that the output power transmitted through the monochromator and seeded into the second undulator is much larger than the effective power of the electron-beam bunching due to shot noise. Since we propose to reuse the electron beam in the second undulator, the length of the first undulator is limited by the growth of the uncorrelated slice energy spread. In the exponential regime of amplification, the uncorrelated rms slice energy spread in the electron beam increases during the SASE process as
where P 1 is the output radiation power emitted in the first undulator and P sat is the saturation power. The growth rate of the amplification becomes negligible when ␥ /␥ տ . Therefore in order to reuse the electron beam in the second undulator and have significant amplification, the first undulator must terminate before saturation. We will consider terminating the first undulator such that P 1 /P sat Ӎ 10 Ϫ3 . For LCLS parameters, this corresponds to a first-undulator length of L 1 ϭ 43.2 m, with mean output peak radiation power ͗P 1 ͘ ϭ 13 MW. Ϫ4 and would produce a 7.1-fs FWHM bunch for the LCLS beam with 0.5% energy chirp. Utilizing a four-reflection scheme, the transmitted radiation pulse will remain in the same di- Figure 3 illustrates a four-reflection crystal monochromator. The path delay, with respect to the straight path, introduced in the photon beam by the four-reflection crystal monochromator is
where B is the Bragg-reflection angle and d is the transverse displacement from the straight path. As Eq. (8) indicates, this method provides tunability of the path delay ⌬L by varying the displacement d for a fixed Braggreflection angle. Bragg reflections in perfect crystals typically have reflectivities of approximately 75% within the reflection passband. For the four-reflection scheme, the power transmission through the monochromator would be ϳ30%. For a LCLS x-ray beam with 13-MW peak power, ϳ3 J is deposited in the monochromator per pulse. This is equivalent to less than 0.005 eV deposited per atom within the volume of the crystal exposed to the incident
Using a Ge (111) monochromator after the first undulator, with the parameters listed in Table 2 , produces a 7.1-fs FWHM pulse after the monochromator. Figure 4 shows the temporal structure of the radiation pulse shown in Fig. 2 after transmission through a fourreflection Ge (111) monochromator.
The choice of monochromator will limit the wavelength tunability of the FEL device. For longer radiation wavelengths, Bragg reflections cannot be achieved in highquality crystals, such as silicon or germanium, and artificial multilayer monochromators become more attractive.
C. Electron-Beam Bypass
The distance between the two undulators is defined by the parameters of the electron-beam bypass. We can consider a chicane that will match the electron-beam betatron functions from the exit of the first undulator to the entrance of the second undulator and provide a path delay to the electron beam to compensate for the photonbeam path delay induced in the monochromator. An achromatic nonisochronous chicane is desirable because it allows for some compression of the energy-chirped electron beam, providing a larger peak current for coherent amplification in the second undulator. By selecting the nominal frequency in the monochromator and providing equal path delay for both the photon and electron beams, the short-pulse radiation will recombine at the entrance of the second undulator with the resonant electrons.
The input radiation into the second undulator must be much greater than the effective power of bunching at the radiation wavelength in the electron beam. Therefore the electron bunching produced by the FEL interaction in the first undulator should be destroyed in the electronbeam bypass before the second undulator. This demodulation of the electron beam on the scale of the radiation wavelength is easily accomplished by passing the beam through the nonisochronous chicane.
For the LCLS electron-beam parameters, a nonisochronous (R 56 ϭ 3.6 mm) chicane of length L by ϭ 32.4 m can be used to provide a path delay for the electron beam of 5 mm with a maximum off-axis displacement of 20.5 cm. For an energy chirp of 0.5%, the beam is compressed ϳ14% in the chicane.
D. Free-Electron Laser Amplifier
The second undulator operates as an FEL amplifier and is seeded by the radiation pulse selected in the monochromator. The input electron-and photon-beam parameters for the second undulator are listed in Table 3 . We require that the mean input radiation power at the entrance of the second undulator dominate over the effective power of the beam shot noise, ͗P 2 ͘ ӷ P shot .
The peak input radiation power at the entrance of the second undulator is P 2 Ϸ P 1 T mono T diff T spread , where T mono accounts for attenuation losses in the monochromator, T diff ϭ ͓1 ϩ (L by /Z R ) 2 ͔ Ϫ1 accounts for the power loss between the first and second undulators owing to diffraction of the radiation pulse with Rayleigh range Z R , and T spread is the peak power reduction due to the spread- ing of the radiation wave packets in the monochromator. If the chirp is larger than the FEL bandwidth, then the width of the spectral distribution of the SASE radiation field into the monochromator will be determined by the frequency chirp ␦/ ϭ 2␣, and the peak power reduction due to pulse spreading will be T spread Ϸ (L b / z )( m /␦). In the regime where the wavepacket spreading due to bandwidth selection in the monochromator is small, Eq. (5) is valid, and T spread Ϸ 1. If the monochromator bandwidth is much less than the FEL bandwidth, then there will be significant spreading of the radiation wave packets and the peak radiation power will be reduced, T spread ϭ m / . For the parameters in Table 2 , with a Ge (111) monochromator, the mean radiation power into the second undulator is ͗P 2 ͘ ϭ 2.5 MW ӷ P shot Ϸ 6.4 kW. Note that if the minimum pulse duration min were selected, then T spread Ͻ 1, resulting in reduction of the peak radiation power seeding the second undulator and therefore requiring a longer second undulator to reach saturation.
The input-radiation pulse is amplified in the second undulator to saturation. With the compressed LCLS beam, the coherent amplification saturates at P sat ϭ 23 GW after an undulator length of L 2 ϭ 51.8 m. Table 3 lists the output-radiation characteristics for the chirped-beam two-stage FEL based on LCLS parameters. The outputradiation parameters were calculated with the FEL simulation code GENESIS. 9 The total length of the system as designed is L 1 ϩ L by ϩ L 2 ϭ 127.4 m. Figure 5 shows the mean peak radiation power along the length of the device.
In addition to amplifying the short-pulse radiation power to saturation, the second undulator operating to saturation will reduce the peak radiation power fluctuations. The shot-to-shot power fluctuations of the input radiation into the second undulator, Eq. (6), are considerably reduced in the second undulator due to operation in the nonlinear regime. Figure 6 shows the reduction in relative power fluctuations along the length of the second undulator as the FEL interaction moves into the nonlinear regime of amplification. The spontaneous emission due to electron-beam shot noise is also amplified in the second undulator. For a second undulator length of L 2 ϭ 51.8 m, the SASE radiation is amplified to ͗P SASE (L 2 )͘ ϭ 0.18 GW, or 0.78% of the peak power in the short-pulse radiation. If this background SASE radiation (noise) is too large for users, then additional monochromators or filters would be necessary to remove the SASE radiation produced in the second undulator.
CONCLUSIONS
The chirped-beam two-stage FEL described in this paper has the ability to control the pulse duration of the FEL radiation as well as to stabilize the central radiation frequency. Selection of the radiation by the monochromator also allows the possibility of greatly improved temporal coherence. Seeding the short-duration radiation into a second undulator (FEL amplifier) has several advantages compared with a single undulator (SASE-FEL) followed by x-ray optics. By seeding the radiation into a second undulator, any power loss in the monochromator is recov- ered in the second undulator, the shot-to-shot radiationintensity fluctuations are decreased due to operation in the nonlinear regime, and damage to optical elements of the monochromator is reduced since the first undulator terminates before saturation is reached. In this paper, we have examined a chirped-beam twostage FEL device based on the present LCLS design parameters. It was shown that such a device is capable of producing high-power (P sat տ 10 GW) x-ray pulses with femtosecond pulse durations. The requirements of future users of femtosecond x-ray pulses will determine the final selection of parameters for a chirped-beam two-stage FEL.
APPENDIX A
In this appendix, the linear FEL theory is extended to include an electron beam with an energy distribution correlated to the longitudinal position within the beam, and the effects of the energy-chirped electron beam on the evolution of the FEL radiation are investigated. Our approach is to solve the coupled Maxwell-Boltzmann equations in one dimension in the exponential gain regime. It is convenient to define the FEL phase ϭ k(z Ϫ ct) ϩ k u z, where k ϭ 2/ and k u ϭ 2/ u , and to change the independent variables from (z, t) to (, z). The conjugate variable to is the energy deviation ϭ (␥ Ϫ ␥ 0 )/␥ 0 , where ␥ 0 is the mean electron-beam energy. The equations of motion for each electron in the laser and undulator fields are given by the well-known FEL pendulum equations 10 :
where a ϭ ͓eA/(mc 2 )͔exp͓Ϫik(z Ϫ ct)͔ is the laser-field envelope (i.e., amplitude of the normalized transverse vector potential of the laser field). The constant in Eq. (9b) is B ϭ ka u ͓JJ͔/(2␥ 0 2 ), where a u ϭ eB u /(mc 2 k u ) is the normalized undulator magnetic field strength and, for a planar undulator, ͓JJ͔ ϭ J 0 () Ϫ J 1 () with ϭ a u 2 / (4 ϩ 2a u 2 ). The dots indicate differentiation with respect to z.
The Maxwell equations can be combined, assuming a slowly varying laser-field envelope, to yield the evolution equation
where f is the electron-beam phase-space distribution and M ϭ p 2 a u ͓JJ͔/(4c 2 ␥ 0 k). Here p 2 ϭ 4ne 2 /m is the plasma frequency of the electron beam with number density n. The constants B and M define the FEL parameter: M B ϭ 4k u 2 3 . The phase-space distribution of the electron beam can be expressed as a Klimontovich distribution, 11, 12 
( 1 1) where is the transverse beam area. The electron-beam phase-space distribution satisfies the phase-space continuity equation,
We will assume that the normalized laser-field amplitude is in the nonrelativistic regime, i.e., a Ӷ 1. In the exponential gain regime, we can consider the first-order evolution of the electron-beam distribution f ϭ f 0 ϩ ⌬f 0 ϩ f 1 , where f 0 is the unperturbed distribution ensemble average ͗ f ͘ ϭ f 0 , ⌬f 0 is the initial fluctuations in the distribution, and f 1 is a small (of the order of the laser amplitude a) perturbation to the distribution. The ensemble average of the unperturbed distribution may be 
with the solution for the distribution perturbation
where
The coupled linear Maxwell and Boltzmann equations Eqs. (10) and (13) can be solved 11, 12 for the evolution of the laser-field envelope by applying the Laplace transform,
where a 0 () ϭ a(, z ϭ 0) is the initial laser-field amplitude, and H is the Heaviside step function. The contour integration in the complex s plane lies to the right of all poles. The FEL radiation intensity is proportional to the ensemble average of the square of the field amplitude,
where G SASE (, Ј, z) and G CA (, Ј, z) are the Green functions for self-amplified spontaneous emission (SASE) and coherent amplification (CA) respectively. The first term on the right-hand side of Eq. (16) is responsible for the coherent amplification of the initial radiation field in the FEL. The second term of Eq. (16) is the usual incoherent SASE, and the third term is the coherent SASE due to initial bunching of the electron beam at the radiation wavelength. For the case of the chirped-beam twostage FEL, the incoherent SASE term dominates in the first undulator, and the CA term dominates in the second undulator. The CA term dominates throughout the second undulator because the input radiation power into the second undulator is much greater than the electron-beam shot-noise power (which seeds the incoherent SASE radiation), the bunching at the radiation wavelength responsible for the coherent SASE term is destroyed in the electron-beam bypass, and the second undulator terminates many gain lengths before the saturation of the incoherent SASE radiation. The Green's function in Eq. (16) is
The Green's function vanishes when Ϫ Ј у k u z; hence only electrons within one slippage length before can contribute to the field at . The Green's function can be expressed in the convenient form
where ⑀ is an infinitesimal positive number, q ϭ ( Ϫ 0 )/ 0 is the frequency detuning, and D is the generalized dispersion relation for the FEL interaction,
The roots of the dispersion relation Eq. (19) determine the exponential growth of the Green's function Eq. (18) through the residues of the inverse Laplace contour. Equations (15)-(19) are a generalization of previous 1D FEL theory [11] [12] [13] [14] to include the possibility of an electron beam with an energy distribution correlated to the longitudinal position within the beam. 
Therefore the corrections to the dynamics due to the energy chirp will be small if the energy chirp over one slippage length is much less than the FEL parameter. For LCLS parameters (with 0.5% energy chirp), ␣/( 2 L b ) ϳ 10 Ϫ2 . Assuming that ͓␣/( 2 L b )͔ Ӷ 1, the lowestorder correction to gain length
where L g (0) ϭ 1/(2k u ͱ3) is the 1D gain length for an unchirped electron beam. 
